The plasma membrane of tobacco suspension cells contains small areas exhibiting a wide range of order level and this organization, together with membrane fluidity, is modified during the early steps of the signaling cascade induced by an elicitor of defense reactions. signaling, discuss their meaning within the framework of the "membrane raft" hypothesis, and propose a new mechanism of signaling platform formation in response to elicitor treatment.
proteins occurs at the nanoscale level at the tobacco PM, thus correlating detergent insolubility with membrane-domain localization of presumptive raft proteins (Raffaele et al., 2009; Furt et al., 2010; Demir et al., 2013) . Together, these data point to the existence of specialized lipid domains in plants. Concomitantly, the presence of sterol-rich Lo membrane domains was observed in vivo at the tip of the growing pollen tube in Picea meyeri, using both filipin and the fluorescent probe di-4-ANEPPDHQ (Liu et al., 2009 ). This observation argues in favor of a sterol-dependent organization of ordered domains at the plant PM surface.
In addition, the combined use of fluorescent lipid analogs and the environmental dye Laurdan has revealed different lipid phases that emerge in the plasma membrane of Arabidopsis protoplasts during restoration of the cell wall (Blachutzik et al., 2012) . Despite these details, necessary data concerning the presence and in vivo characterization of Lo domains at a micrometer to nanometer scale are still lacking.
The importance of a more refined resolution for observing liquid-ordered domains, was proposed in several recent reviews (Bagatolli, 2006; Duggan et al., 2008; Garcia-Saez and Schwille, 2010; Stockl and Herrmann, 2010; Klenerman et al., 2011) . Indeed, although the physical properties of biological membranes have been studied in situ by various techniques including two-photon microscopy and microscopy imaging of partitioning of fluorescent lipids and proteins (Rosetti et al., 2010) or environmentally sensitive probes (Parasassi et al., 1990; Jin et al., 2006) , membrane segregation into microscopic Lo-and Ld-like phases has been difficult to observe in living cells. Furthermore, only a few studies have demonstrated that a microscopic phase separation involving an ordered phase similar to the Lo domain of model membranes could occur in biomembranes using PM giant vesicles (Baumgart et al., 2007; Lingwood et al., 2008; Sengupta et al., 2008) . A potentially powerful approach for imaging small ordered membrane domains relies on environment-sensitive probes coupled with fluorescence spectroscopy (Gaus et al., 2003; Gaus et al., 2006; Oncul et al., 2010) . In particular, analysis of the fluorescence of the di-4-ANEPPDHQ probe, which exhibits an emission shift independent of local chemical composition under different lipid packing conditions (Jin et al., 2005; Demchenko et al., 2009; Dinic et al., 2011) , recently enabled the imaging of plant membrane domains at the micrometer scale (Liu et al., 2009) . The relevance of this approach has been confirmed by mapping membrane domains using generalized anisotropy-based images of di-4-ANEPPDHQ-stained T cell immunological synapses , together with the characterization of membrane organization of non-adherent cells (such as living zebrafish embryo tissues) labeled with this dye .
The function of dynamic PM compartmentalization in the detection and transduction of environmental signals in plant cells has only recently begun to emerge, along with a crucial role for sterols in this organization (for reviews see (Zappel and Panstruga, 2008; Mongrand et al., 2010; Simon-Plas et al., 2011) ).
These observations make it indispensable to align how the surface membrane of living cells might reorganize during signaling with the membrane raft hypothesis. To investigate possible modifications of membrane organization during the initial steps of plant defense signaling, tobacco cells were treated with two well described elicitors of defense reaction, cryptogein, a small protein able to trigger an hypersensitive reaction (HR) and an acquired resistance in tobacco plants (Ponchet el al 1999 , Garcia Brugger et al 2006 together with a widely described signaling cascade in tobacco suspension cells, and flg22 (a 22-amino acid peptide corresponding to a conserved domain of bacterial flagellin). The latter peptide is also a potent elicitor in plants, yet it does not induce an HR-type of necrosis (Gomez-Gomez and Boller 2002, Chinchilla et al 2007) . The study of cryptogein response reveals that the earliest steps of the signal transduction pathway mainly involve plasma membrane activities (Ponchet et al., 1999; Garcia-Brugger et al., 2006) .
How the plasma membrane is laterally organized and possibly re-organized in response to this stress so it can efficiently trigger a signaling cascade remains unknown.
Here we have developed a confocal multispectral microscopy approach to generate in vivo ratiometric pictures of large areas of the tobacco cell PM labeled with di-4-ANEPPDHQ, allowing the in vivo characterization of the global level of order of this membrane. Although an increase in the proportion of ordered phase within the membrane transiently occurred in the early steps of the cryptogein and flg22 signaling cascades, the Fluorescence Recovery After Photobleaching (FRAP) technique revealed an increase in PM fluidity induced by cryptogein, but not by flagellin. Moreover, we characterized the spatial distribution of Lo phases on the membrane of living plant cells and monitored the variations induced by cryptogein elicitation. The results are discussed within the framework of the "membrane raft" hypothesis, in which we propose a new mechanism of signaling platform formation in the context of plant defense.
Results:
Characterization of PM order level in living tobacco cells. Tobacco suspension cells were stained for 1 min with the dye di-4-ANEPPDHQ (3 µM). No cell autofluorescence could be observed by confocal microscopy at an excitation of 488 nm and in the whole di-4-ANEPPDHQ emission spectrum (520-680 nm).
Following addition of the dye, homogeneous labeling was exclusively observed at the PM for the duration of the experiment, indicating that di-4-ANEPPDHQ fluorescence is directly and fully related to PM organization (Supplemental Figure 1) . Emission fluorescence intensity of a single non-adherent living cell was recorded by focusing on its membrane surface plane (Supplemental Figure 2) , which allowed acquisition of a large surface area whose range varied from 30 to 500 µm 2 depending on cell size and shape ( Figure 1A ). Central sections of the PM surface area were analyzed in order to avoid edge effects (Supplemental Figure 3A) .
The order level of the membrane revealed by di-4-ANEPPDHQ fluorescence is commonly quantified using the ratio of the emission fluorescence recovered at 660 and 550 nm (I660/I550 nm; (Jin et al., 2005; Roche et al., 2008; Roche et al., 2010; Dinic et al., 2011) ). To generate ratiometric data, the fluorescence was captured simultaneously at different wavelengths using 32 independent photodetectors. This separation of the fluorescence of each channel ( Figure 1B ) enabled us to precisely plot the di-4-ANEPPDHQ emission spectrum distributed from 520 to 680 nm ( Figure 1C ). The two band-pass filters, 545-565 nm and 635-655 nm ( Figure 1C ), correspond to the smallest interval (respectively closed to 550 and 660 nm) that yields a signal at least ten times higher than the background. After dividing the resulting emission intensity of the two band-pass filters by one another, a red/green ratio (referred to as RGM for Red/Green ratio of the Membrane, Supplemental Figure 3B ) of 0.94 ± 0.02 (SEM; n=66 cells) was measured for the PM of tobacco suspension cells. This RGM value is situated between 0.4 and 2, which are values observed respectively for Lo and Ld domains of DPPC/DOPC/cholesterol giant vesicles (Jin et al., 2006) . This ratio is also consistent with other reports in living cells, such as a value less than 1.5 for pollen tubes (Liu et al., 2009 ) and close to 0.6 in polarized neutrophil (Jin et al., 2006) .
A cold temperature-induced blue shift in di-4-ANEPPDHQ emission spectra has been previously noted for different biological materials (Dinic et al., 2011) . The resulting lower red/green ratio is associated with an increase in the global level of membrane order (Supplemental Figure 3) . Emission spectra of di-4-ANEPPDHQ-labeled tobacco suspension cells exposed for 5 min to different temperatures likewise indicated a similar cold temperature-induced blue shift measured either by confocal multispectral setup ( Figure 1C ) or classical spectrofluorimetry (Supplemental Figure 4A) . Moreover, the emission spectrum fluctuates with temperature in a comparable manner when plasma membrane fractions purified from tobacco suspension cells were used (Supplemental Figure 4B ), in line with previously published data (Roche et al., 2008) .
Together, these results confirm that the combination of di-4-ANEPPDHQ labeling of tobacco suspension cells and multispectral confocal microscopy is suitable to monitor changes in the order level of living plant cell PMs. Along with order level, membrane fluidity is another feature that characterizes PM organization. We examined the effects of cryptogein on this second parameter through the diffusional mobility of di-4-ANEPPDHQ in the PM of BY2-elicited cells during FRAP experiments. This dye is effective for FRAP experiments, as its insertion is in alignment with the surrounding lipid molecules in the bilayer membrane.
Transient modifications of PM
After labeling of tobacco cells, the PM was photobleached and dye mobility was monitored by the recovery of fluorescence (emission band pass 510-700 nm, Figure 3 ), as previously described (Bonneau et al., 2010) .
Cryptogein-elicited cells transiently exhibited faster fluorescence recovery kinetics than control cells ( Figures 3A and 3B ). After 5 min of cryptogein elicitation, the half-time of fluorescence recovery (t 1/2 ) was 31.6 s (± 1.4, n = 58) and 25.4 s (± 0.8, n = 89) for control and elicited cells, respectively ( Figure 3B ); both cell conditions were associated with the same mobile fraction Mf (Supplemental Figure 9 ). No significant difference was observed between control and elicited cells after 15 min of cryptogein elicitation, and cells from each condition displayed a half-time of fluorescence recovery of 34 s ( Figure 3B ), indicating that the cryptogein-induced global increase in dye mobility is transient. Conversely, after 5 min of incubation, flg22, BSA and lysozyme were all unable to induce a significant modification to the lateral fluidity of tobacco cells plasma membrane ( Figure 3C ). This illustrates the specificity of the cryptogein-induced increase in diffusional mobility, as determined by di-4-ANEPPDHQ.
Spatial organization of the tobacco cell PM order level. To investigate a possible lateral compartmentalization of the tobacco cell PM, we analyzed the di-4-ANEPPDHQ emission spectrum acquired as described above (cf. Figure 1 ) within small 'Regions of Interest' (ROI, 288 nm x 288 nm).
Comparing RGM from the fluorescence of the whole cell surface and the average of the red/green ratios of each ROI comprising this surface (referred to as RGR, for Red/Green Ratio of the ROI, Supplemental Figure   3 ) yielded identical values ( Figure 4A ). We used a stringent methodology previously described in the literature for noise removal from fluorescent images . This analysis eliminates ROIs that exhibit a fluorescence intensity less than 7% of the highest intensity exhibited by a ROI within the analyzed membrane surface. No ROIs were eliminated, which indicates that ROIs retain enough fluorescent intensity for further analyses, despite their small size. Furthermore, we explored a possible link between fluorescence intensity exhibited by a ROI and the corresponding RGR measurement. This was assayed by comparing the distribution of RGR values of a single cell to the distribution of either ROIs with the 10% highest fluorescence intensity, or ROIs exhibiting fluorescence intensity over 80% of the maximum fluorescence intensity measured. In parallel, we randomly selected a sample of equivalent size from this latter sample.
Neither the recorded fluorescence intensity of the ROI nor ROI arbitrary sampling was observed to influence the distribution of RGR values ( Figure 4B ). As this distribution was identical across the different samples, this parameter does not appear to depend on ROI fluorescence intensity.
The analysis of RGR distribution revealed a highly reproducible, continuous distribution with a broad range of RGR values (from 0.3 to 2.5), indicating the presence of order level heterogeneity within the different ROIs present on a PM surface. This distribution is centered on 0.9 and shows that 75% of ROIs have a RGR value between 0.6 and 1.2 ( Figure 5A ).
To investigate the influence of PM sterol amount on this heterogeneity, we used methyl-βcyclodextrin (MβCD), a sterol-depleting molecule that decreases the order level of both purified biological membranes (Roche et al., 2008) and living cell membranes (Kucherak et al., 2010) . Treatment of tobacco cells with 5 mM MβCD led to a 21 ± 7% reduction (SD, n=9 independent experiments) in the PM sterol amount, after 20 min of treatment. The RGM of MβCD-treated cells labeled with di-4-ANEPPDHQ was significantly increased (1.3 fold) compared to control cells, indicating a decrease in the level of tobacco PM order after sterol depletion ( Figure 5B ). The distribution of RGRs was still continuous but consistently shifted to higher values ( Figure 5A ). Centered on 1.2, the distribution of MβCD-treated cells is flattened compared to the control distribution, indicating that 75% of ROIs have an RGR value between 0.8 and 1.7 ( Figure 5A ).
These data were analyzed by thresholding RGRs at different values. Based on previous results from purified tobacco PM fractions (Roche et al., 2008) , 0.6 represents a threshold below which the isolated PM is in Lo phase in our system. The remaining threshold values include 0.8 (the lowest quartile of RGR distribution, Figure 5A ), 1.0 (close to the median value of the distribution of control cells, Figure 5A ) and 1.2 (maximum RGR distribution of MβCD-treated cells, Figure 5A ). Regardless of whichever upper RGR threshold value was used to select ROIs corresponding to the most-ordered fraction of the membrane, MβCD induced a significant decrease in the relative proportion of these regions, which was more pronounced when the threshold was low ( Figure 5C ).
These results indicate that RGR is directly related to the level of discretely measured membrane order.
Furthermore, the distribution of these values suggests a lateral heterogeneity of the tobacco PM with respect to this parameter. Analysis of the distribution of RGRs consistently showed a shift to lower values after 5 minutes of cryptogein treatment ( Figure 6C ). The shift was further quantified using two methods. The proportion of ROIs corresponding to the most-ordered fraction of the membrane was calculated, and a significant increase was observed after cryptogein treatment, regardless of the chosen RGR threshold value (from 0.6 to 1.2; Table 1 ). Interestingly, the increase in the lowest RGR values was more pronounced at lower thresholds, i.e.
the 74% increase measured at the 0.6 upper limit decreased to 37% at the 0.8 threshold, pointing out the crucial involvement of lowest RGR values in the cryptogein-induced shift of RGR distribution (Table 1) A routine granulometric approach revealed that cryptogein treatment, previously shown to increase the total amount of ROIs with a RGR below 0.8 (Table 1) , both decreased the proportion of isolated ROIs and increased the fraction of ROIs lying within clusters (Supplemental Figure 11A) . Concomitantly the mean size of groups of these ROIs increased in elicited cells (Supplemental Figure 11B) . To avoid density effects, we performed such analysis by keeping the number of ROIs in control and treated samples constant, by considering only the first quartile of lower RGR values (Supplemental Figure 11C) . No change in the mean size of these ROIs groups was then observed after cryptogein treatment (Supplemental Figure 11D) . We conclude that cryptogein induced an apparent aggregation of low RGR ROIs (Supplemental Figure 11A) , exclusively by increasing their density.
Discussion:
Multispectral confocal microscopy reveals a lateral heterogeneity in the tobacco plasma membrane. Numerous biophysics reports have used Giant Unilamellar Vesicles prepared with different lipid mixtures to propose that model membranes can exhibit a lateral phase coexistence of gel/fluid phases (Wesolowska et al., 2009 (Oncul et al., 2010) .
Here, we have described the heterogeneity of tobacco PM lateral organization with respect to its order level, by measuring the Red/Green ratio of the environmentally sensitive probe di-4-ANEPPDHQ within small ROIs. We obtained an RGR distribution that was independent of the fluorescence intensity of each ROI (Figure 4) , which affirms the robustness of this parameter in evaluating the order level of the analyzed zone. The degree of cell membrane order evaluated from the emission properties of the dye can also be expressed as a generalized polarization parameter (GP), defined as: (I550-I660)/(I550+I660), which increases with ordered level Miguel et al., 2011; . Interestingly, the fact that tobacco cell PM can be observed as a continuous distribution centered on a unique peak by using either the GP (Supplemental Figure , whereas a larger distribution of GP values in Laurdan-labeled cells has been described for epithelial cells of the zebrafish gut (from -1 to 1; ). Consistent with these studies, we observed a symmetric distribution of GP values in tobacco cells, from -0.4 to 0.6 (Supplemental Figure 12) . These values are in agreement with those observed from the plasma membrane of Arabidopsis protoplasts, where GP ranged from -0.3 to 0.2 immediately after enzymatic digestion of the cell wall, up to a value of 0.6 fifteen hours later (Blachutzik et al., 2012) .
A similar broad histogram distribution was previously described using fluorescence lifetime imaging in live epithelial cells labeled with di-4-ANEPPDHQ (Owen et al., 2006) , as well as Laurdan-labeled K562 cells (Balogh et al., 2011) Kress et al., 2011) . Fluorescence Correlation Spectroscopy, well-suited to explore the spatial organization pattern of fluidity, allowed the description of a continuous broad distribution of the diffusion time in DiA-labeled MFC7 cells (Winckler et al., 2012) Analysis (Ripley's k function) of the immunogold-labeled gangliosid GM1 showed spatial aggregation in normal mouse fibroblasts, for distances ranging from 32 to 68 nm (Fujita et al., 2007) . Similarly, plant-based immuno-electron microscopy experiments have revealed partitioning of both the lipid phosphatidylinositol(4,5)bisphosphate, into 25 nm clusters on the plasma membrane of tobacco BY2 cells (Furt et al., 2010) , and the protein flotillin, into clusters of less than 100 nm on the plasma membrane of Arabidopsis roots apices (Li et al., 2012) . In addition, the protein remorin was observed by immuno-electron microscopy in domains of about 80 nm in the cytosolic leaflet of the membrane of tobacco leaves (Raffaele et al., 2009 ) and was more recently localized by Stimulated Emission Depletion (STED) microscopy within domains of 97 nm in Arabidopsis whereas the apparent size of these domains was about 250 nm, using classical confocal microscopy (Demir et al., 2013) . Similarly, the heterogeneity of RGR values that we observed could correspond to domains of 100 nm or less. Consistent with these observations, Single Particle Tracking (SPT) experiments performed on Arabidopsis roots to study the dynamics of the plasma membrane intrinsic protein PIP2;1 have revealed that about 20% of PIP2;1 fused to GFP exhibited a confined diffusion, with an average confinement range of about 90 nm (Li et al., 2012) . following a concept previously proposed in animal cells (Simons and Sampaio, 2011) . Recent studies have shown how several abscisic acid signaling components interact within nanodomains in response to this phytohormone (Demir et al., 2013) , as well as how the S-acylation of the small G protein Rop6 (which conditions its dynamic association to DIMs) is a critical determinant of its role in the regulation of cell polarity (Sorek et al., 2011) . In our system, the plasma membrane-localized NADPH oxidase that is responsible for ROS production upon cryptogein treatment was previously revealed to associate exclusively with the DIM fraction; furthermore, its product is localized within 100-nm patches along the membrane temperature, whose events include a heat-signaling pathway (Konigshofer et al., 2008) , a cold perception mechanism (Vaultier et al., 2006) , and a chilling stress response (Alonso et al., 1997 ). In our model, an identical magnitude in variation (10-15%) observed for both the proportion of ordered phase and the membrane fluidity, together with similar transient kinetics observed for these two events, argues in favor of the existence of a functional link between these two cryptogein-induced modifications to membrane PM characteristics. Observations that associate membrane fluidity variations with proportion of ordered phase have previously been reported in a model membrane (M'Baye et al., 2008) . A higher fluidity has been associated with a more stable concentration of ordered domain markers in discrete spots at the leukemia T cell membrane in response to a mechanical stimulus; this suggests a tight interplay between rheological membrane properties and cytoskeleton components (Verstraeten et al., 2010) . Similarly, temperature-and benzyl alcohol-induced fluidification were shown to be associated with an increase in large, cholesterol-rich domains in melanoma cells (Nagy et al., 2007) . Ethanol-induced oxidative stress is dependent on the clustering of lipid ordered domains in primary rat hepatocytes (Nourissat et al., 2008) , and is associated with membrane fluidity increase (Sergent et al., 2005) Garcia-Brugger et al., 2006) . Indeed, cryptogein and flagellin trigger common signaling events such as ROS production, medium alkalinization, MAP kinase activation, calcium influx, endocytosis, or induction of gene expression (Gomez-Gomez et al., 2002; Garcia-Brugger et al., 2006; Chinchilla et al., 2007; Denoux et al., 2008; Leborgne-Castel et al., 2008) , although some discrepancies exist between these two proteinaceous elicitors. For instance, both elicitors induce changes in nuclear and cytosolic Ca tobacco cells after one hour of treatment (Binet et al., 2001) , whereas flg22 did not cause any such changes in the radial or cortical microtubules (Guan et al., 2013) . If the modification of the global level of PM order could be part of the conserved basal defense responses, the transient modification of membrane fluidity might correspond to a more specific response. More detailed investigations are necessary to determine which other common or distinct steps of the global defense process these two new signaling cascade elements are related to.
Spatial distribution and dynamic of PM heterogeneity. Raster Image Correlation Spectroscopy (RICS)
is a valuable tool for precisely mapping the cell membrane organization, and has been put to successful use in measuring molecular dynamics (Gielen et al., 2009 ). However, this method yields a high proportion of pixels that only contain background signal, thus preventing an accurate spatial analysis (Gielen et al., 2009 ).
To avoid this scenario, we have used a confocal microscopy setup with a whole surface acquisition and sufficient sensitivity to describe plant membrane biophysical properties (Figure 4 ). This surface cover ability is compatible with the spatial characterization of ordered domains.
Our results suggest a cryptogein-induced modification in the lateral organization of ordered domains, in particular the appearance of larger ordered domains (Figure 7 ). This result is in agreement with the prior use of an environmentally sensitive probe that established the enlargement of ordered domain size in T lymphocytes (Gaus et al., 2005) . Moreover, the lateral distribution of fluorescently linked lipidic DIM markers was reorganized from nm to µm-sized phases enriched in GM1, after cross-linking by Cholera Toxin B (Lingwood et al., 2008) . Combined, these reports have promoted a model of the stress-induced production of a signaling platform composed of coalesced lipid domains (Lingwood and Simons, 2010; Simons and Sampaio, 2011) , which suggests the enhancement of ordered domain sizes. The results of the granulometic approach performed here are in line with this model, and indicate that the cryptogein-induced larger size of liquid-ordered areas was mostly due to the increased proportion of ROIs exhibiting low RGRs.
This might involves the targeting (via cell trafficking) of ordered domains at the PM. This hypothesis must now be confirmed with super resolution techniques that permit a direct characterization of the nanoscale dynamic domains occurring at the cell membrane.
Could the membrane raft hypothesis account for the observed PM nanoscale heterogeneity? In the current model, lipid rafts are proposed to correspond to dynamic, Lo nano-domains enriched in sterols and sphingolipids that are able to coalesce into larger structures after stress induction; this type of dynamic lateral segregation is essential for many key physiological processes, including response to pathogens (Lingwood and Simons, 2010; Simons and Sampaio, 2011) . Although this "raft hypothesis" is still under debate, several lines of experimental evidence strongly support the existence and dynamics of such domains.
This includes the nanoscale lateral heterogeneity of membrane components, such as proteins or lipids, and the sensitivity of the lateral distribution of the membrane to sterol amount (Vereb et al., 2000; Raffaele et al., 2009) , which points to a sterol-driven formation of nano-domains. The results presented here are in agreement with a nanoscale heterogeneity of the plant plasma membrane, and the presence on the membrane of very small areas (less than 300 nm) of various levels of order. This fits with the lipid organization defined at the nanometer scale by Atomic Force Microscopy, using ternary lipid mixture vesicles (Rinia and de Kruijff, 2001; El Kirat et al., 2010; Giocondi et al., 2010) . Furthermore, the sterol dependency of this organization, demonstrated in this work by the cyclodextrin-induced modification of RGR distribution (Figure 2) , is in agreement with previous data. Indeed, the depletion of membrane sterols induced by methyl-βcyclodextrin was observed to result in a disruption to the clustered organization of the protein remorin (Raffaele et al., 2009) , indicating the sterol-dependent confinement of this protein into domains of 100 nm. Accordingly, both the clustering in domains of remorin and PIP2;1 were dramatically affected by treatment with cyclodextrin (Raffaele et al., 2009; Li et al., 2012) , indicating a major role for sterols in the spatial segregation of these proteins in membrane domains. This treatment also induced an overall increase in acyl chain disorder and a reduction in liquid-phase heterogeneity of isolated tobacco PM (Roche et al., 2008) , in line with the ability of phytosterols to induce a Lo phase in ternary mixtures of lipids (Beck et al., 2007) . Here, we contribute new evidence in support of the developing "membrane-raft" concept, by revealing a large range distribution of the sterol-dependent ordered level of nanoscale assemblies in plant suspension cells.
The raft hypothesis postulates that, in response to external signals or the initiation of membrane trafficking events, raft platforms ranging in size from 20 to 200 nm are formed from nanoscale domains through lipid-lipid, lipid-protein and protein-protein oligomerizing interactions (Simons and Gerl, 2010) .
Our study 1) postulates an original mean to produce signaling platforms, by enrichment at the membrane surface of small size ordered domains; and 2) provides evidence for this process during the very early steps of defense signal transduction.
In summary, we used a multispectral confocal microscopy setup to characterize the sterol-dependent heterogeneity of tobacco cell PM organization. These results suggest the coexistence of areas exhibiting different levels of order, which must next be examined by high resolution methodologies. We have revealed a modification of both global and local membrane physical properties during the early steps of the cryptogein-induced signaling process, in particular an increase in ordered domains density. These results expand our view of the function of biological membranes, while remaining within the scope of the membrane raft hypothesis. Future research will examine the underlying cellular mechanisms of this dynamic organization, which will be complemented by elucidating their precise role in the signal transduction process.
Materials and Methods:
Materials: BY2 (Nicotiana tabacum cv. Bright Yellow 2) cells were grown in MS modified medium at pH 5.6, containing MS salt supplemented with 1 mg. Chemicals treatments: Cells were harvested 7 days after subculture, filtered, and resuspended (1 g/10 mL) in an incubation medium (2 mM MES buffer pH 5.9, containing 175 mM mannitol, 0.5 mM CaCl 2 and 0.5 mM K 2 SO 4 ). After a 3 h equilibration period on a rotary shaker (140 rpm) at 25°C, cells were treated with chemicals as indicated in the figure legends.
ANEPPDHQ) was purchased from Molecular Probes Inc. Cryptogein was purified according to a previously published method (Ricci et al., 1989) , prepared in distilled water, and used at a final concentration of 50 nM.
For sterol depletion, BY2 cells were incubated 15 min with 5mM methyl-β-cyclodextrin (Cell Culture
Tested, Sigma-Aldrich). Concentrated (1,000 fold) stock solutions in water of Bovine Serum Albumin (BSA, Sigma-Aldrich), Lysozyme (from chicken egg white, Sigma-Aldrich) and flg22 (kindly provided by S.
Bourque (Lecourieux et al., 2005) ) were individually added to cell suspensions at a final concentration of either 50 nM, 100 nM or 20 nM, respectively.
Plasma membrane purification:
Highly enriched BY2 cell PM fractions were prepared from 100 g of liquid N 2 frozen cells, according to (Mongrand et al., 2004) .
Gas chromatography and sterol quantification: Total lipids were extracted using Bligh and Dyer's method (Roche et al., 2008) . Briefly, 400 µg cells were filtered and frozen in liquid nitrogen where they were maintained for 30 min. Cell pellets were transferred to glass tubes and resuspended in a solution of 2 mL methanol-chloroform (1/2 v/v), supplemented with epicoprostanol (5β-cholestan-3α-ol, 100 µL in methanol) as the internal recovery standard for quantification. After brief sonication, 1 ml NaCl (0.9%, v/v) was added and lipids were saponified by heating 1 h at 80°C with 1 mL ethanol and 100 µL KOH (11 N).
The non-saponifiable fraction containing total sterols was extracted by hexane and transformed into its trimethylsilyl derivatives. Analytical gas chromatography was performed with a Chrompack chromatograph, as previously adapted (Roche et al., 2008) . Galactic Inc.). Samples were stirred and equilibrated in a temperature-controlled chamber using a thermoelectric Peltier junction (Wavelength Electronics Inc.). Experiments were performed using a 10 mm Special Optic Glass path cuvette, filled with 2 mL of equilibrated suspension cells.
FRAP experiments:
A Leica TCS SP2-AOBS laser scanning confocal upright microscope (Leica Microsystems, Wetzlar, Germany) coupled to a 488 nm line of an argon laser was used for excitation, with a detection bandwidth of 510-700 nm. Cells were observed using a Plan Apochromat 40× oil immersion objective (N.A. 1.25) and the detection pinhole was set to the optimum value of 1 Airy unit. All experiments were performed according to previously published method (Bonneau et al., 2010) . Briefly, 1 mL of BY2 cell suspension was labeled for 60 s with 2 μ L 1.5 mM di-4-ANEPPDHQ stock solution (in DMSO), then washed in incubation medium before cryptogein addition for 5 or 15 min. Five pre-bleach scans (one scan every 800 ms) at 8% maximal laser power were used to determine initial fluorescence intensity, after which one photobleaching scan was executed at 100% laser power. Post-bleach fluorescence recovery was then sampled at 8% laser power for 106 s. A second FRAP measurement was systematically performed on the same exact cell and bleach region.
Confocal multispectral microscopy: BY2 cell suspension (500 µL) was labeled for 60 s with 1 μ L 1.5 mM di-4-ANEPPDHQ stock solution (in DMSO), after which cryptogein (50 nM) was added. Subsequently, a drop of treated cells was placed between the slide and cover-slip just before microscopy observation. All experiments were performed at room temperature (21°C) in incubation medium. A Nikon C1Si/picoquant inverted microscope (Nikon, Tokyo, Japan) with a Nuance CRI spectral camera was used to observe cells.
Images were acquired with a Plan Apochromat 100.0x/1.40/0.13 oil immersion objective. A dichroïc slide (405-488nm), which slightly modifies the emission spectrum in red wavelengths, was used to increase the fluorescent signal recovery. High spectral resolution was achieved through the use of a fine ruled diffraction grating, allowing a 5 nm channel resolution. The dispersed light was captured simultaneously at different wavelengths using 32 independent channels of a photodetector multi-anode array (cf. Figure 1A ). Cells were observed by focusing on the maximum area of the cell membrane (cf. Supplemental Figure 2 ) and acquisition was performed for a square surface (25 µm side length) at a 256-pixel resolution, according to the recommended sampling theorem (Nyquist) and resolution limit of the microscope.
Image Processing and Spatial Analysis: Recorded images were decomposed for each of the 32 emission channels (cf. Figure 1A ) and individual files were transferred to ImageJ software (http://rsbweb.nih.gov/ij/). Red (respectively green) intensities were then computed by averaging 4
intensities from 545 to 565 nm (respectively 635 to 655 nm). To limit the background values, we thresholded images before calculation; this eliminates dim pixels with a poor signal-to-noise ratio .
Background values were defined as intensities below 7% of the maximum intensity of the cell (Gaus et al., 2003; Abulrob et al., 2008) . Homogeneous square regions were extracted from each image. Spatial analysis was performed on Regions of Interest (ROI) by summing the fluorescence intensities of 3 x 3 pixels (ROI size: 288 nm x 288 nm).
Statistical tests: Statistical inference was based on Student t test.
Supplemental data: 
